Background: It is unclear whether post-operative errors after toric intraocular lens implantation would be more amenable to pre-operative correction with a fixed adjustment or a correction ratio that scales with the magnitude of pre-operative astigmatism. Purpose: To investigate the effect of pre-operative anterior corneal astigmatism orientation on outcomes of toric intraocular lens implantation in a large population. Methods: A retrospective cohort study of 625 patients undergoing refractive lens exchange through a superior clear corneal incision with Oculentis M-Plus toric intraocular lens implantation at an Optical Express, Inc. located in the United Kingdom and Ireland. Patients were stratified by axis of astigmatism on automated keratometry as with-the-rule, against-the-rule, or oblique. Analysis of visual acuity and refractive outcomes was performed using American National Standards Institute (ANSI) guidelines on astigmatic corrections with non-vector as well as vector analyses. Analysis was limited to one eye per patient. Results: Patients who had with-the-rule (WTR) astigmatism, compared with oblique and against-the-rule (ATR), had higher vector magnitudes of surgically induced refractive correction (2.89D, 2.55D, 2.42D; p < 0.001), and larger correction ratios (1.18, 1.02, 1.07; p < 0.001). This created a change of astigmatic axis in the with-the-rule cohort from WTR pre-operative astigmatism to an average ATR post-operative astigmatism. The overcorrection in the WTR cohort averaged 0.30D. We found that the absolute dioptric overcorrection among *First co-authors.
Introduction
Toric intraocular lenses are utilized in cataract and refractive lens exchange surgery for patients with corneal astigmatism to reduce spectacle dependence. The lens has a spherocylindrical correction and can be used to correct large powers of corneal cylinder [1] though residual astigmatism in the 0.7 to 1D range remains common [1] [2] [3] [4] . Traditional pre-operative measurements such as placido disc-based corneal topography and automated keratometry measure only the anterior corneal surface [5] . These measures differ significantly from Scheimpflug-based imaging that measures anterior and posterior corneal surface [6] . Differences between anterior and total corneal astigmatism may be as much as 0.5D or 10-degrees in 28% of eyes, with most eyes having posterior corneal astigmatism steeper in the vertical direction [7] [8] .
This discrepancy has led to investigations into whether orientation of keratometric astigmatism may affect the extent of cylindrical correction. Earlier studies found no difference in magnitude of residual cylinder or uncorrected distance visual acuity after toric lens implantation among eyes having WTR or ATR astigmatism on the basis of axis of astigmatism [9] [10] . Subsequent studies have shown a tendency for toric lens placement guided by automated keratometry to overcorrect WTR and undercorrect ATR patients [11] [12] [13] . However, these studies have included smaller cohorts of patients ranging from 35 -143 eyes and have variably reported the errors as average dioptric overcorrection [11] [12] or as a correction ratio that is proportional to pre-operative cylinder [13] , making it unclear whether a fixed or proportional adjustment may be optimal. Given uncertainty of whether corrections should be a fixed pre-operative adjustment based solely on orientation of astigmatism or also scale with magnitude of pre-operative corneal cylinder [13] , it is important to determine a more specific pre-operative adjustment recommendation.
In this study, we investigate differences in degree of astigmatic correction, residual astigmatism, and any correlation between baseline astigmatism and degree of overcorrection among a large group of patients who have toric lens im- 
Patients and Methods
This study was approved by the Committee on Human Research at the University of California, San Francisco and the London School of Hygiene and Tropical
Medicine and adhered to the tenets of the Declaration of Helsinki.
The study group included all adult patients 70 years of age or younger who 
Operative Technique
Refractive lens exchange with Oculentis M-Plus toric lens implantation was performed using a 2. 
Statistical Analysis
Statistical analysis was performed using standard analyses of astigmatic correction recommended for laser systems that reshape the cornea adapted to intraocular lens implantation and included both non-vector and vector analyses [14] .
For non-vector analysis, uncorrected visual acuity was compared at three months after surgery with Kruskal-Wallis testing. The proportion of patients achieving half to one diopter of mean-spherical and cylindrical goals and proportion achieving 20/40 or 20/20 or better vision were compared with Fisher's exact testing. Vector analysis of astigmatic correction is described in detail elsewhere [14] . In brief, initial refractive errors and surgical targets were based on pre-operative automated keratometry readings, while final refractive outcomes were based on post-op month three manifest refraction converted to the corneal plane assuming a 12 mm vertex distance for manifest refraction. The cylinder of all left eyes was flipped on the vertical axis to prevent cancellation when averaging right and left eyes and axis angles were doubled to convert to vector angles. We then determined the astigmatic intended refractive correction (IRC), surgically induced refractive correction (SIRC), error vector (EV; difference between IRC and SIRC), correction ratio (|SIRC|/|IRC|), error ratio (|EV|/|IRC|), and treatment error vector (TEV, vector with length of magnitude of error and angle showing direction of error). We also correlate the pre-operative cylinder with both absolute diopters of overcorrection (defined as SIRC minus IRC) and correction ratio. We compare pre-operative with post-op month three corneal astigmatism magnitudes to determine surgically induced corneal astigmatism. Significance testing was performed with one-way ANOVA for log-MAR data and Kruskal-Wallis for other continuous variables. Confidence intervals were generated. When results were found to be significant below a p = 0.05 value in multi-way comparison, multiple pairwise comparisons were performed. These pairwise comparisons were adjusted for the three pairwise possibilities with a Holm-Bonferroni adjustment of multiple hypothesis testing. The magnitude of the intended astigmatic refractive correction for all patients was equal to the cylinder, as the target goal for residual astigmatism was zero. The metrics for refractive change were based on total astigmatic change of the eye, measuring the difference between pre-operative refraction and post-operative outcomes. Thus, these outcome measures included both toric correction and change in corneal 
Results
1076 eyes of 714 patients underwent refractive lens exchange with placement of toric intraocular lens from 2010 to 2013. 153 eyes of 89 patients were excluded; with the majority of eyes (91/153) being excluded for no post-op month three vision or refraction and 22 excluded for age greater than 70. This left 923 eyes of 625 patients, of which one eye was randomly selected for each patient, leaving 625 eyes of 625 patients for analysis. The large majority of these patients had with-the-rule astigmatism. There was no significant difference in baseline characteristics of age, sex, or magnitude of anterior corneal astigmatism measured by automated keratometry between the three groups ( Table 1) Non-vector refractive analysis was performed. There was no significant difference in final uncorrected visual acuity between patients having WTR, ATR or oblique with respective logMar acuities of 0.093, 0.065 and 0.133 (p = 0.07, one-way ANOVA). Average magnitude of residual cylinder at the corneal plane on post-op month three manifest refraction was 0.69D, 0.62D and 0.88D in the WTR, ATR and oblique groups with no significant difference (p = 0.05, Kruskal-Wallis). There was no significant difference among cohorts in the proportion of patients within a half to one diopter of mean-spherical and cylindrical 
Discussion
This study investigated visual and refractive outcomes three months after refractive lens exchange with toric lenses among patients having with-the-rule, against-the-rule and oblique astigmatism. We found that patients having WTR astigmatism were significantly overcorrected compared to patients having ATR and oblique astigmatism. The mean vector error for residual astigmatism in the WTR cohort converted from a WTR axis at 91.4˚ to ATR astigmatism at 7.1˚.
This change in axis was due to overtreatment in the WTR axis with a mean treatment error vector of 0.30D at 89.9˚. The average correction ratio for eyes having WTR astigmatism (1.18) was significantly greater than ATR (1.07) and oblique (1.02) astigmatism (p < 0.001). We found that absolute diopters of overcorrection did not vary significantly with pre-operative cylinder, while correction ratio did. The finding that absolute diopters of overcorrection was not found to significantly correlate with magnitude of pre-operative astigmatism was a novel finding of our study. Further, the magnitude of residual astigmatism seen here is similar to that of prior studies [11] [12], though the correction ratio is much closer to 1.0 than reported elsewhere [13] lending further support to the preferential treatment of constant rather than scalar pre-operative adjustments of astigmatic targets. Based on the confidence interval of the mean treatment error vector for WTR patients, we favor a fixed adjustment of approximately 0.25 -0.35D to refractive correction rather than an adjustment that scales with corneal power. There may be several reasons for this overcorrection of WTR patients. The surgical technique in this study uses a superior clear corneal incision at 12 o'clock, a location associated with greater surgically induced astigmatism that may reduce some of the with-the-rule astigmatism (or increase against-the-rule astigmatism) [15] . However, the surgeons in this study estimated an average change in corneal astigmatism of 0.2 -0.3D and we found an actual average change in the center of this range at 0.26D among the cohort of WTR who underwent repeated keratometry at post-operative month three. Given the lens selection was adjusted pre-operatively for this expected astigmatic change of the corneal incision, we believe the ongoing overcorrection of patients having WTR astigmatism is not explained by incision location. Measurement variations from any source including the automated keratometry machine and patient factors such as tear film may lead to inaccurate refractive outcomes, though these would be more likely to lead to random errors that would average out in a larger population rather than an average overcorrection of astigmatism. The measurements for IOL selections were based on keratometric measurements of the anterior corneal curvature with a correction for surgically induced astigmatism and do not specifically incorporate posterior corneal astigmatism. While we do not have data on total corneal astigmatism in our cohort, other studies have shown that incorporation of posterior measurements may lead to improved refractive outcomes [11] [12] [16] .
The study has several limitations. The study was retrospective with the corresponding limitations, and prospective studies are merited. We assume that the target for residual astigmatism was zero given the M-Plus toric lens is continuously customizable on power and axis, though if residual cylinder was targeted, this would alter calculations of intended refractive correction. The population studied here was that of a refractive practice and generally younger with a high prevalence of WTR astigmatism. Orientation of astigmatism has been shown to become progressively more ATR with aging [17] . However, this would likely further exacerbate the study findings of induced post-operative ATR astigmatism in patients with initial WTR astigmatism, as their WTR astigmatism may tend to worsen over time. The primary indication for the procedure was generally refractive with an average pre-operative BCVA better than 20/25 in all groups studied. While this may limit generalizability to cataract extractions, the E. A. Lowry et al. Open Journal of Ophthalmology techniques and biometric considerations described here are otherwise the same as those used in cataract surgery. Finally, only anterior corneal curvatures were measured with automated keratometry, and we cannot definitively determine whether inclusion of total corneal astigmatism including posterior astigmatism would have led to better final refractive outcomes.
Conclusion
In conclusion, we found that there is a significant overcorrection of patients who have WTR astigmatism in refractive lens exchange with toric lens implantation using anterior corneal keratometric measurements from automated keratometry.
Pre-operative consideration of axis of astigmatism and reductions in WTR correction by a fixed value of 0.25 -0.35D rather than a correction ratio based on magnitude of pre-operative cylinder may further reduce residual refractive error and improve outcomes in surgeries using toric lenses.
